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The in� uence of deposit-feeding on chlorophyll-a
degradation in coastal marine sediments

By Anitra E. Ingalls1, Robert C. Aller1, Cindy Lee1 and Ming-Yi Sun2

ABSTRACT
To determine how macrofaunal activity affects rates and mechanisms of Chlorophyll-a (Chl-a)

decomposition,we measured Chl-a concentrationsduring laboratory incubationsof surface sediment
with varying abundances of a subsurface deposit-feeder,Yoldia limatula. Decomposition patterns of
Chl-a in sediment cores with and without a layer of algal-enriched sediment added to the surface
were compared.Decompositionrate constants,kd, were calculatedfrom the loss of reactiveChl-a and
further quanti� ed using a nonsteady state, depth-dependent, reaction-diffusion model. Values of kd

decreased approximately exponentially with depth and were directly proportional to the number of
Yoldia present. Yoldia increased the kd of both natural sedimentary Chl-a and algal enriched Chl-a in
the upper 2 cm by up to 5.73 . Surface sediment porosity, penetration depths of a conservative tracer
of diffusion (Br2 ), and oxidized metabolic substrates (e.g. Fe(III)) all increased signi� cantly in the
presence of Yoldia. Macrofaunal bioturbation increased the importance of suboxic degradation
pathways.These experiments demonstrated that organic compounds from a single source can have a
continuum of degradation rate constants as a function of biogenically determined environmental
conditions (Chl-a kd , 0.0043–0.20 d2 1). In particular, Chl-a can have a continuum of kd values
related to redox conditions, transport, and macrofauna abundanceas a function of depth.

1. Introduction

In near-shore environments, the existence of high productivity, high sedimentation,
shallow water depths and anoxic conditions often allow a relatively large fraction of fresh
organic carbon from primary production to be preserved in sediments. As a consequence,
coastal sediments, which comprise 10% of the ocean � oor, store 80% of marine organic
carbon (Berner, 1989; Hedges and Keil, 1995). The relative importance of anoxia in
determining preservation patterns of organic compounds in sediments is frequently
debated (e.g. Can� eld, 1989; Lee, 1992; Cowie et al., 1995;Andersen, 1996). The presence
of aerobic infauna, particularly those capable of bioturbation, is a key consequence of oxic
conditions (Wishner et al., 1990) and is proposed to be an important control on organic
carbon preservation in oxic and anoxic sediments (Andersen and Kristensen, 1992; Aller,
1994; Blair et al., 1996; Pope et al., 1996).
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This study directly tests the hypothesis that infaunal activity promotes Chlorophyll-a
(Chl-a) decomposition and, by inference, sedimentary organic carbon decomposition
generally. We measured changes in reactive Chl-a pool size and decomposition rate
constants in Long Island Sound sediments in incubations where the number of Yoldia
limatula was varied. Yoldia is a tenticulate subsurface (occasionally surface) deposit-
feeding bivalve capable of bioturbating the upper 2–4 cm of muddy sediment. It is
commonly found in Long Island Sound (LIS) in abundances on the order of 300 m 2 2.
During feeding, large quantities of sediment are ingested; however, up to 95% of ingested
sediment is ejected as pseudo-feces (Lopez and Levinton, 1987).

Chl-a is the most abundant photopigment in living phytoplankton,and while it is a minor
cellular component, it is a particularly useful tracer of the fate of primary production
derived organic carbon. In coastal bioturbated sediments, Chl-a degrades until background
concentrations (usually , 1.0 nmol/gdw) are reached, typically within the upper 5–10 cm
(Sun et al., 1991; 1994; Gerino et al., 1998). Models of sediment Chl-a pro� les and
incubation experiments show that Chl-a has a half-life between 14–55 days under either
anoxic or oxic conditions (Furlong and Carpenter, 1988; Bianchi and Findlay, 1991; Sun et
al., 1993a,b). Under anoxic conditions, while initial decomposition rates are similar to
those under oxic conditions, the anoxically reactive pool of Chl-a is small (Sun et al.,
1993a,b). This results in higher eventual background concentrations in anoxic sediments in
the laboratory (Sun et al., 1993a) and in the � eld (Furlong and Carpenter, 1988; Hastings et
al., 1998).

Coastal sediments with oxygenated overlying waters have abundant infauna whose
bioturbation activity transports sediment particles across the redox boundary ( , 2–3 mm).
In laboratory incubation experiments, Chl-a that is occasionally exposed to free O2

degrades faster and more completely than Chl-a maintained under anoxic conditions (Sun
et al., 1993a; Aller, 1994). While only the surface 2 mm of sediment in coastal regions is
oxic, backgroundconcentrationsof organic compoundspreserved at depth in sediments are
comparable to concentrations observed in oxic incubations of sediments in the laboratory
(Sun et al., 1993a,b). This observation, combined with the knowledge that organic carbon
decomposition is dominated by anaerobic pathways (Jørgensen, 1982), suggests that
periodic exposure to O2 is an important mechanism for achieving low background
concentrations of organic carbon. Recent laboratory and modeling studies show that
bioturbation increases the contributionof anaerobic degradation by mixing reactive carbon
into the suboxic zone, and by continually reoxidizing electron acceptors used during
anaerobic metabolism (Mackin and Swider, 1989;Aller, 1990; Soetaert et al., 1996). In this
experiment, we also measured Br2 , Fe oxidation state, and O2 to relate Chl-a decomposi-
tion to indicators of solute transport and oxygen dynamics.

2. Materials and methods

a. Sediment collection and experimental setup

Chl-a degradationwas investigatedusing naturally occurring sedimentary Chl-a (experi-
ment A) or Chl-a from freeze-dried algae (experiment B). Both experiments were carried
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out using surface sediment (top 2 cm) from Long Island Sound Station P, the site of the LIS
Pulse Study located in north central LIS (14 m water depth; Gerino et al., 1998). Sediment
was collected using a grab sampler on October 11, 1996 (experimentA) or March 13, 1997
(experiment B). The grab sampler collects approximately the upper 20 cm of sediment. The
surface (brown porous) sediment was scraped off the deeper (gray or black, less porous)
sediment with a spatula. Multiple grabs were performed until enough surface sediment was
collected. In experiment A, the sediment was sieved (1 mm) and refrigerated for 10 days
before the experiment was set up. Experiment B was set up immediately after sieving the
sediment (1 mm). In both experiments,CAB (cellulose acetate butyrate) core tubes (7.4 cm
inner diameter) were � lled with homogenized sediment to a height of 10 cm. In experiment
A, sediment containing naturally occurring Chl-a was incubated. In experiment B, each
core received a simulated algal bloom input in the form of a 0.5-cm thick layer of sediment
enriched with 13C isotopically tagged-algae (the 13C label was present for the purpose of
investigating degradation of lipids; these results are reported elsewhere (Sun et al., 1999).
Cores were placed into tanks (3 or 4 cores per tank), and approximately 500 ml (12 cm) of
� ltered Long Island Sound water (collected at the same time as the sediment) was placed
over the sediment. The tanks were � lled with water to a height equal to the cores to prevent
hydrostatic loss of water from the core tops, and to buffer changes in temperature. Each
core was aerated using an aquarium aerator and air stone, and maintained at 20 6 2°C
(Fig. 1).

Each tank contained cores of the same Yoldia abundance or treatment (Table 1). Yoldia
of 1.0–1.4 cm shell length were obtained from the Marine Biological Laboratory (Woods

Figure 1. (a) Experiment A consisted of two treatments, I (no Yoldia) and II (3 Yoldia). No tracer
cakes were added. (b) Experiment B consisted of four treatments, I (no Yoldia), II (1 Yoldia), III (3
Yoldia) and IV (5 Yoldia). Tracer cakes were added to all cores.
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Hole, MA). One core was used to establish t 5 0 conditions in all treatments in each
experiment. The t 5 0 core was sectioned immediately after being placed in a tank with
overlying water. Experiment A was set up with two treatments; A: I (no Yoldia) and A: II (3
Yoldia per core). Experiment B was set up with 4 treatments; B: I (no Yoldia), B: II (1
Yoldia per core), B: III (3 Yoldia per core) and B: IV (5 Yoldia per core). Yoldia abundances
used re� ect the range found in Long Island Sound (1 Yoldia/core equals 200 animals/m2).
Yoldia that did not burrow below the sediment surface within 1 hour were removed and
replaced with more active animals. Algal-enriched layers of sediment were added to the
cores after all Yoldia burrowed below the core surface and generated turbidity in the
overlying water (within 24 hours).

Approximately 24 hours prior to each sampling time, NaBr was added (D [Br 2 ] , 5 mM)
to the overlying water of one core in each treatment as a conservative tracer of pore water
transport. The core was removed, sectioned (0.0–0.5 cm, 0.5–1.0 cm, 1.0–2.0 cm and
4 cm-bottom) and frozen. The overlying water was changed in each core every seven days
to remove accumulated metabolites. Suspended sediment from cores with Yoldia was
separated from the removed overlying water by centrifugation and returned to the core.

Algal-enriched cakes added to experiment B cores were prepared by adding 4.0 g of
ground algae (13C-labeled lyophilized Chlorella cells from Cambridge Isotope Labs) to
800 g wet sediment (1 mm sieved). The algae were hand mixed into the sediment for 30
minutes using a metal spatula. The sediment was formed into cakes (7.2 cm 3 0.5 cm) and
frozen and weighed before being placed on the cores.

b. Pigment analysis

Chl-a was extracted from thawed, homogenized subsamples of sediment core sections
(approximately 1 g) using 5 ml HPLC grade 100% acetone (Sun et al., 1991). The
sediment slurry was mixed using a vortex stirrer, sonicated for 10 minutes while protected
from light and centrifuged at 2,500 G for 5 minutes. The supernatant was collected and the
identical extraction procedure was repeated on the disrupted pellet. The two extracts were
combined and syringe-� ltered through a 0.2 µm Zetapor membrane � lter. Filtered extracts
were stored in the dark at 2 15°C until HPLC analysis ( , 48 hours).

Chl-a and phaeophytin-a concentrations were determined by ion-pairing reverse-phase

Table 1. Experimental setup and sampling schedule.

Experiment Yoldia
Tracer
cake

t 5 1
(days)

t 5 2
(days)

t 5 3
(days)

t 5 4
(days)

A: I 0 no — 6 15 27
A: II 3 no — 6 15 27
B: I 0 yes 5 10 18 —
B: II 1 yes 5 10 18 —
B: III 3 yes 5 10 18 28
B: IV 5 yes 5 10 18 —
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high performance liquid chromatography (after Mantoura and Llewellyn, 1983). The
HPLC system used was a Beckman Model 420 gradient controller with Beckman 110A
pumps equipped with a 5 µm C-18 Adsorbosphere column (250 3 4.6 mm i.d.). Pigment
detection was carried out with a Kratos FS 970 � uorometer (405 nm excitation and
. 580 nm emission). Resulting peaks were integrated using Shimadzu Class VP software.
The primary eluant was a 20% aqueous solution of 0.5 mM tetrabutyl ammonium acetate
and 10 mM ammonium acetate in methanol (A). The secondary eluant was 20% acetone in
methanol (B). After injection of a 100 µl sample of pigment extract at room temperature,
the gradient program ramped from 100% A to 100% B in 20 minutes at a � ow rate of
1 ml/min. The column was then eluted with solvent B for 45 minutes.

The retention time of Chl-a was determined using an authentic standard (Sigma
Chemical Company). The Chl-a standard was quanti� ed spectrophotometrically (Hewlett
Packard 8452 A Diode Array Spectrophotometer) in 90% acetone using an extinction
coefficient of 68,700 at 440 nm (Mantoura and Llewellyn, 1983). Standards were run daily
to track any drift in the � uorometer response. A phaeophytin-a standard was prepared by
acidi� cation of the Chl-a standard with HCl. Pigment concentrations are reported in
nmol/g dry weight. Precision for replicate samples extracted over a several month period
was 6 3%. Extraction efficiencies for this technique have been reported previously and are
90.3 6 3.1% of Chl-a added to wet sediment (Sun et al., 1991).

c. Porosity, iron, bromide and O2 analysis

Porosity was determined by weighing , 1 g of sediment before and after drying in a
60°C oven overnight, and assuming a density of 2.6 g/cm3. Pore water samples (separated
by centrifugation at 2500 g) were acidi� ed to pH 2 using HCl and then frozen until
analysis. Bromide was determined colorometrically by oxidation with chloramine-T in the
presence of phenol red (Presley, 1971). Iron (solid phase) was determined on 6N HCl
extracts (15 minutes) by the ferrozine method with (for FeR, total non-pyritic reactive Fe)
and without (for non-pyritic Fe(II)) NH2OH · HCl (Stookey, 1970; Aller et al., 1996).
Oxygen was measured with an oxygen microelectrode at the � nal sampling time. The
electrode was calibrated using sea water bubbled with air (saturated) or N2 (anoxic).

3. Results

a. Porosity and diffusive transport

All sediment incubationscontaining Yoldia demonstrated visible changes within the � rst
few days. The overlying water became turbid, and the sediment water interface diffuse.
Initial porosity was approximately 0.77 throughout the homogenized core. With Yoldia,
porosity of the upper 0.5 cm increased to an average value of 0.83 during both experi-
ments. Porosity decreased to 0.75 deeper (2–6 cm) in the core due to compaction (Table 2).

The presence of Yoldia resulted in an increase in the diffusive transport of dissolved
solutes. Within two to three weeks after the start of each experiment, Br 2 added prior to
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sampling had a deeper penetration depth when Yoldia were present (Fig. 2a). Models of
[Br 2 ] suggest that diffusive transport increases by 1.3–2.73 in the presence of Yoldia (Sun
et al., 1999). The increase in porosity ( r ) alone would have increased the � ux of Br 2 into
the sediment by 1.1–1.33 (based on ratio of ( r )2 with and without Yoldia). O2 penetration
depth increased only , 0.5 mm with Yoldia present (Fig. 2b). Dissolved O2 pro� les were
very similar in shape and magnitude in both cases. In contrast, the contributionof oxidized
Fe increased in the presence of Yoldia in the upper 1 cm (Fe(II)/FeR) after 6 days of
incubation (Fig. 2c).

b. Chlorophyll-a pro� les

The activity of Yoldia resulted in more rapid and more extensive degradation of Chl-a in
the upper 2 cm. Chl-a degradation was directly proportional to Yoldia abundance (Fig. 3a,
b). Because of the high Chl-a concentration in the cake sediment, 50 3 more Chl-a was
degraded in the surface 0.5 cm in experiment B than in experimentA. With 3 and 5 Yoldia,
almost the entire Chl-a signal from the algal cake was degraded within 18 days. Chl-a
concentration in the mixed zone (0.5 cm–4.0 cm) increased during the � rst 5 days of the
experiment and subsequently decreased; below . 2 cm the concentration was only slightly
affected. Chl-a below 4 cm did not measurably degrade, except in treatment III, where the
incubation lasted an additional 10 days (28 days total). Chl-a concentrations decreased
with time in experiment A: II (no algal cake, 3 Yoldia) where Chl-a was quickly removed
relative to initial concentrations, particularly near the surface, and B: III (algal cake, 3
Yoldia) where Chl-a concentrations were quickly lowered to nearly natural sediment
concentrations (Fig. 4a,b).

c. Phaeophytin-a pro� les

Chl-a to phaeophytin-a ratios in the 0.0–0.5 and 2–6 cm intervals decreased with time in
all incubations (Fig. 5a, b). When no algal cakes were added (experiment A), the decrease
was approximately uniform with depth in the absence of Yoldia. With Yoldia present, a
much larger decrease in the Chl-a/phaeophytin-a ratio occurred. In experiment B pro� les,
the decrease in the Chl-a/phaeophytin-a ratio was proportional to Yoldia abundance.These
pro� les are dominated by the high Chl-a tracer signal, however, and are therefore not easily
interpreted.

Table 2. Average porosity for surface and deep sediment intervals from t 5 1 to t 5 4. Initial (t 5 0)
porosity in both experiments was 0.77 6 0.01.

Depth A: I A: II B: I B: II B: III B: IV

0.0–0.5 cm 0.75 6 0.01 0.86 6 0.03 0.79 6 0.01 0.82 6 0.02 0.82 6 0.02 0.83 6 0.02
2–6 cm 0.80 6 0.02 0.76 6 0.02 0.75 6 0.01 0.75 6 0.01 0.75 6 0.01 0.75 6 0.01
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4. Models

a. Chlorophyll-a decomposition rate model

The overall decomposition rate of Chl-a is approximately characterized by pseudo
� rst-order kinetics (Sun et al., 1991) as:

dIr /dt 5 2 kddIr (1)

Figure 2. Examples of alteration of transport/redox conditions by Yoldia. (a) Pore water Br 2 tracer
pro� les for experimentB (algal cakes, 18 days) I (0 Yoldia) and IV (5 Yoldia). Concentrationat x 5
0 is the overlying water concentration.(b) Pore water oxygen pro� les from experimentA (no algal
cakes added). (c) Fe(II)/FeR pro� les in experiment A I (no cakes, 0 Yoldia) and A II (no cakes, 3
Yoldia) (see also Sun et al., 1999; for additional examples).
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Ir 5 reactive Chl-a inventory (nmol cm 2 2) (I 2 Ibackground )
kd 5 Chl-a decomposition rate constant (day 2 1)
The solution to Eq. (1) is:

Ir(t) 5 Ir(0) exp (2 kd t) (2)

where Ir(0) is corrected for cake mass. Ibackground is de� ned below.
Average decomposition rate constants for several depth intervals (0–0.5 cm, 0–2 cm,

2–6 cm and 0–6 cm) were calculated by � tting exponential curves (Eq. 2) to Chl-a

Figure 3. Initial and � nal Chl-a pro� les of experimentA (a) and B (b).
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inventories (nmol/cm2) (Table 3). The kd calculated in the 0–2 cm interval represents the
average kd(kavg) in the mixed layer (Fig. 6a, b). In experiment B (algal cakes added), the
average kd was modeled using the ratio of Ir(t)/Ir(0) for each core due to differences in the
mass of each algal cake. This ratio normalizes Chl-a inventory at any time to the amount of
Chl-a present in each core at the start of the experiment. In order to give each measured
point equal importance, the normalized exponential function was not forced through 1 at
t 5 0. Reactive Chl-a was de� ned as the amount of Chl-a in excess of background. For

Figure 4. Chl-a pro� les showing the change in concentrationwith time for treatments with 3 Yoldia,
experimentA (a) and experiment B (b).
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these calculations, the potential minimum background inventory was considered to be the
Chl-a inventory in the 0.0–0.5 cm interval of A: II (no cake, 3 Yoldia) at t 5 4 (27 days),
and was 0.061 nmol/cm2 (0.5 nmol/gdw). This was the minimum Chl-a inventory observed
in all experiments, and did not change signi� cantly between 15 and 27 days. Background
Chl-a was considered unavailable for decomposition with respect to the mechanisms
acting in this experiment. Background Chl-a concentrations commonly found in Long
Island Sound sediment cores (0–1 nmol/gdw) probably represent a refractory pool of Chl-a
that typically escapes degradation (Sun et al., 1991; 1994; Gerino et al., 1998). In choosing

Figure 5. Chl-a/Phaeophytin-a ratios at initial and � nal sampling times for each treatment in
experimentA (a) and experiment B (b).
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a background inventory, we assumed that the Chl-a in excess of background would
eventually degrade, given enough time.

Average apparent kd values were calculated for different depth intervals because pro� le
shapes indicated obvious depth-dependent decomposition (Table 3, Fig. 7). The sediment
was separated into three zones: top layer (0.0–0.5 cm), entire mixed layer (0–2 cm), and
unmixed layer (2–6 cm). In the presence of Yoldia, loss of Chl-a from the surface-most
layer re� ected both degradation and mixing into and from underlying regions. Values of kd

calculated in the 0.0–0.5 cm interval were signi� cantly greater than those calculated for the
0–2 cm interval in all cases. Similarly, the 0–2 cm interval had a higher kd than the 2–6 cm
interval. Because the 0–2 cm interval represents approximately the whole mixed zone, the
calculated average kd is due only to decomposition. Values of kd in the 0–6 cm interval
without Yoldia (experiment A: 0.0056 d 2 1 and experiment B: 0.024 d 2 1) were similar to
rate constants for the decomposition of Chl-a previously observed in anoxic incubations
(0.01 d 2 1) and less than those in oxic (0.03–0.1 d2 1) incubations with no macrofauna (Sun
et al., 1993a,b; Leavitt and Carpenter, 1990; Bianchi and Findlay, 1991). The 0–6 cm kd

values in the presence of Yoldia (0.015–0.053 d 2 1) were higher than without Yoldia, and
were very similar to those observed under oxic conditions.

Rate constants for the decomposition of Chl-a in the upper 2 cm of sediment of all
incubations (approximate mixed zone) were 1.6–5.73 faster in the presence of Yoldia
relative to no Yoldia treatments, and were proportional to Yoldia abundance (Table 3). In
the 0.0–0.5 cm depth interval, kd increased by a factor of 2.4–8.83 with Yoldia present
(Table 3). In the case of experiment B, these values are an overestimate of the true average
kd in the surface 0.5 cm because they do not account for loss from the layer due to
downward mixing of the algal cake, and upward mixing of Chl-a depleted sediment. In
experimentA, average kd values may be underestimates due to mixing upward of sediment
relatively rich in Chl-a. To re� ne these estimations, the results from this decomposition-
rate model are incorporated into a non-steady-state depth-dependent decomposition-rate
model (next section).

b. Non-steady-state depth-dependent decomposition rate model

Visual inspection of the Chl-a concentration pro� les from incubations without algal
cakes over time (Fig. 3a) demonstrates that the decomposition rate constant (kd) is highest

Table 3. Chl-a decomposition rate constants, kd , in d2 1 and r 2 values, (r 2), derived from � rst-order
decompositionmodel � ts to Chl-a inventory versus time (no mixing correction).

Treatment 0.0–0.5 cm 0–2 cm 2–6 cm 0–6 cm

A: I 0.024 (0.72) 0.011 (0.96) 0.0043 (0.30) 0.0056 (0.58)
A: II 0.21 (0.99) 0.063 (0.93) 0.0046 (0.98) 0.015 (0.92)
B: I 0.046 (0.90) 0.043 (0.90) N/A 0.024 (0.82)
B: II 0.11 (0.85) 0.073 (0.74) N/A 0.043 (0.56)
B: III 0.17 (0.99) 0.099 (0.99) 0.012 (0.27) 0.058 (0.98)
B: IV 0.28 (0.99) 0.11 (0.99) N/A 0.053 (0.86)

2000] 641Ingalls et al.: In� uence of deposit-feeding on chlorophyll-a degradation



in surface sediment, and decreases with depth. Since the sediment is initially homoge-
neous, reactive Chl-a concentrations are initially equal throughout the core. At the
conclusion of the experiment, concentrations are much lower at the surface than at depth.
To better quantify the depth dependence of kd, it is necessary to distinguish between
changes in Chl-a concentration that are due to sediment mixing and those due to Chl-a

Figure 6. Chl-a inventory vs. time in the 0–2 cm depth interval in experiment A (a) and (b)
experiment B (b): Decomposition rate constants were calculatedby � tting an exponential function
to the loss of Chl-a over time.
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decomposition. A plot of apparent kd versus depth for experiment B (algal cakes added)
suggests that kd , k1 exp ( 2 a x) 1 k2 is a reasonable functional form for approximating the
depth dependence of kd (Fig. 8). Sediment mixing by Yoldia is further approximated as
diffusive. Chl-a concentration thus represents a balance between transport and reaction,
and can be described by a steady-state depth-dependent reaction-diffusion model with an
exponentially decreasing kd in the mixed layer (top 2 cm). The vertical distributions of
reactive Chl-a in the layer are given by:

Ct 5 DBCxx 2 k1e
(ax)C 2 k2C (3)

Ct 5 partial derivative of C with respect to time, t
Cxx 5 second partial derivative of C with respect to depth, x
k1 5 pre-exponential decomposition rate constant at x 5 0 cm (day 2 1)
k2 5 asymptotic decomposition rate constant below the mixed layer (x , 2 cm) (day 2 1)
a 5 depth attenuation of kd in the top 2 cm (cm 2 1)

DB 5 biological mixing coefficient (cm2 day2 1).
Initial conditions are:

C 5 CT, 0 # x # L1,

C 5 C0 L1 , x # L2

Figure 7. Comparison between kd and Yoldia abundance for selected depth intervals. Slopes of linear
� ts are as follows: 2–6 cm 5 0.0006; 0–6 cm 5 0.0055; 0–2 cm 5 0.013; 0.0–0.5 cm 5 0.044.
Exact calculationof kd values in the surface 0.0–0.5 cm interval requires a correction for mixing of
tracer in addition to decomposition.
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CT 5 reactive Chl-a concentration at L 5 0 and t 5 0
Co 5 reactive Chl-a concentration at the bottom of the mixed layer (generally , 2 cm) at

t 5 0
Boundary conditionsare:

x 5 0, Cx 5 0; (no � ux across upper surface)

x 5 L, Cx 5 0; (no � ux into lower zone).

L 5 mixed layer depth (2 cm)
L1 5 initial surface tracer layer (0.6–0.7 cm)
L2 5 unmixed layer (6.5 cm); midpoint of basal zone
Cx 5 � rst partial derivative of C with respect to depth, x.

The upper boundary condition ignores particle resuspension into overlying water during
feeding by Yoldia (Sun et al., 1999). Resuspension into oxic water is clearly an important

Figure 8. Relationship between kd of Chl-a and depth interval for various Yoldia abundances in
experiment B.
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component of the decompositionprocess, but cannot be explicitly taken into account in the
present case.

The model equations were solved numerically using a fully explicit, second-order � nite
difference scheme. The unknowns k1, a , and DB were assumed constant within a given
treatment over the duration of the experiment. Estimates of k1, a and DB were calculated
from the best model � t to Chl-a pro� les using simultaneous constraints provided by pro� le
shapes (3 averaged intervals/pro� le), time-dependenceof pro� le shapes (3–4 time periods)
and knowledge of the average decomposition rates in the mixed layer, 0–2 cm (average
over experiment). The kd for sedimentary Chl-a at the base of the mixed layer ( , k2) was
� rst approximated as kd, the weighted average of kd calculated for the 1–2 and 2–4 cm
intervals in the A-I (no cakes, 0 Yoldia) and A-II (no cake, 3 Yoldia) treatments. This
approximation assumes k1exp (2 a /L1) ½ k2. Experiment A: I (0 Yoldia) had the same kd

value for both 1–2 and 2–4 cm intervals (k2 5 0.0075 d 2 1). In experimentA: II (3 Yoldia),
kd was 0.040 d 2 1 in the 1–2 cm interval, and 0.015 d 2 1 in the 2–4 cm interval. Thus, a k2 of
0.023 d 2 1 was applied to calculationsof cores with Yoldia.The values of k2 calculated from
experiment A were applied to model calculations of experiment B since decomposition of
naturally present Chl-a could not be measured in this interval due to tracer cake derived
Chl-a being mixed down by Yoldia.Applying k2 values calculated from experimentA to the
model of experiment B therefore assumes that decomposition at 2 cm (approximate depth
of mixed layer) is the same with and without cakes, and with different Yoldia abundances.
Due to differences in matrix, kd of cake-derived Chl-a mixed down to 2 cm was probably
higher than kd of natural sedimentary Chl-a (Sun et al., 1993b). To further constrain
reaction rate variables, we can write an equation for kd over the upper 2 cm.

kd 5
e

0

2
(k1e

2 a x 1 k2)Cdx

e
0

2
Cdx

(4)

Eq. 4 insures that a , k1 and k2 are chosen such that the calculated kd matches the weighted
average kd for the 0–2 cm interval (Table 3). Model parameters (k1, a , DB) were optimized
to simultaneously minimize deviation of e C(x, t) from measured values over � nite
measurement intervals in single pro� les, between successive pro� les in a time series, and
with measured kd. Uncertainties were computed as the standard deviation of optimal values
estimated at different times in an experimental series.

Model results (Table 4) demonstrate that mixing coefficients and a both increased with
an increase in the number of Yoldia per core. These differences are an indication that Yoldia
had the greatest impact on surface sediment, intensifying the depth dependence of
decomposition. No signi� cant difference in a was observed between natural and cake
derived Chl-a when Yolida were present (compare AII and BIII). This agreement indicates
that Yoldia equalize the depth-dependence of the decomposition of Chl-a from different
sources. Without Yolida, cake-derived Chl-a had a much smaller a , indicating that Chl-a in
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the cake was more uniformly reactive across the undisturbed redox boundary. This lack of
depth dependence is expected because the added algae had been freeze-dried, and the cakes
were frozen during preparation. Freezing can change the associations of Chl-a, resulting in
more ‘‘free’’ Chl-a (Sun et al., 1993a) which is highly reactive under anoxic conditions
(Sun et al., 1993b).

5. Discussion

a. Effects of Yoldia bioturbation on Chl-a degradation

Yoldia caused an increase in the rate and extent of degradation of Chl-a, and presumably
of labile organic carbon. In previous experiments, periodic exposure of anoxic sediments to
O2 resulted in more thorough degradation of Chl-a (Sun et al., 1993b; Aller, 1994). Redox
oscillations can be important for organic carbon degradation because some organic
compounds are not susceptible to anaerobic degradation mechanisms (Sun et al., 1993b;
Wakeham and Lee, 1993). However, if exposed to oxygen, alterations in the molecular
structure or matrix may allow further degradation in the absence of free O2 (Schink, 1988).
Bioturbation transports sediment particles across redox boundaries. In our experiment,
Yoldia-mediated ‘‘redox oscillations’’ appear to enhance the degradation of anoxically
stable Chl-a, and changed the pathway of Chl-a degradation from anoxic to suboxic.

The increase in porosity that accompanied the addition of Yoldia is indicative of
extensive bioturbation (Rhoads and Young, 1970). Models of Br2 distributions demon-
strate that diffusive transport of dissolved solutes was increased 1.3–2.73 over that
expected from changes in porosity alone (Fig. 2a; Sun et al., 1999). Unlike Br 2 , the
increase in pore water O2 penetration depth was negligible (Fig. 2b). Instead, additional O2

diffusing into the sediment during mixing was consumed in reactions with reduced
products of suboxic metabolism. For example, the fraction of reduced iron (Fe(II)) to FeR

in surface sediment with three Yoldia was one half of that without Yoldia after only 6 days
(top 0.5 cm interval) (Fig. 2c). Ammonium consumption also increased dramatically in
surface sediment in the presence of Yoldia, indicating extensive nitri� cation, consistent
with suboxic conditions (Sun et al., 1999).

These changes indicate enhanced electron acceptor turnover and suboxic degradation in
the presence of Yoldia. We did not measure the respiration of O2 by Yoldia; however, other
evidence indicates that macrofauna metabolic demand for molecular O2 is a relatively

Table 4. Nonsteady-statemodel values.

Treatment k1 (d 2 1) k2 (d 2 1) a DB (cm2/d) kd

A: I 0.04 6 0.02 0.0075 1.0 6 0.4 0.000001 0.011
A: II 0.20 6 0.06 0.023 1.3 6 0.3 0.02 6 0.01 0.0063
B: I 0.034 6 0.006 0.0075 0.27 6 0.06 0.0016 6 0.0002 0.043
B: II 0.08 6 0.06 0.023 0.90 6 0.00 0.011 6 0.002 0.073
B: III 0.14 6 .02 0.023 0.96 6 0.08 0.015 6 0.004 0.099
B: IV 0.19 6 0.04 0.023 1.2 6 0.0 0.021 6 0.001 0.11
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minor sink for O2 in organic-rich deposits (Mackin and Swider, 1989; Andersen and
Kristensen, 1992; Can� eld et al., 1993). More than half the O2 that diffuses into
organic-rich bioturbated sediments can be consumed in reactions with reduced sulfur,
NH4

1 , Mn 1 1 and Fe1 1 (e.g. Mackin and Swider, 1989;Aller, 1990; Can� eld, 1993). Recent
laboratory and modeling studies of early diagenesis con� rm that bioturbation is one of the
most powerful controls on the relative importance of oxic mineralization. Increased
bioturbation results in rapid internal recycling of electron acceptors for anaerobic respira-
tion, and therefore a greater anoxic and suboxic contribution to degradation (Aller, 1982;
Kristensen, 1985;Aller, 1990; Soetaert et al., 1996).

Evidence of differences in degradation pathway as well as decomposition rate are
evident in pro� les of Chl-a degradation products. For example, on the time scale of this
experiment, phaeophytin-a is an expected stable primary degradation product of Chl-a in
anoxic environments (Sun et al., 1993a,b). When Chl-a degradation was observed in the
anoxic zone (2–6 cm) of cores in experiment A, a similar increase in phaeophytin-a was
seen. There was no increase in phaeophytin-a in the surface suboxic intervals in this
experiment.

Direct ingestion of Chl-a by Yoldia may also affect degradationpatterns. We think in this
case, however, that direct ingestion is not the primary controlling factor. First, Yoldia feed
subsurface, and degradation here was most intense at the surface interface. Second, there
was no obvious delay in degradation rate such as might be expected due to the time
necessary for surface material to reach the primary feeding zone. Third, depth dependence,
although subdued, is still present in the absence of Yoldia (e.g. A: I).

b. Calculation of biological mixing coeff‡cients

Previous studies demonstrate the usefulness of using Chl-a as an alternative to 234Th as a
tracer of biological mixing coefficients (Sun et al., 1993, 1994; Gerino et al., 1998).
However, relatively small but signi� cant differences between values of DB calculated using
234Th and Chl-a are typical (2–3 3 ). One possible reason for the difference between these
two tracers of mixing is that 234Th has a well known and constant radioactive decomposi-
tion rate constant (t1/2 5 24 days), while Chl-a degradation rate constants are dependent on
a range of environmental factors, including temperature (Sun et al., 1993a). Here we show
that macrofauna can signi� cantly in� uence the rate and depth dependence of Chl-a
decomposition. Previously we used a constant kd value calculated from a macrofauna-free
incubation to model Chl-a � ux to the sediment-water interface and biological mixing rates
(Sun et al., 1991, 1994; Gerino et al., 1998). A more exact consideration of the effect of
macrofauna may help improve this estimate.

c. Calculation of the � ux of organic carbon

Since Chl-a is a component of organic matter produced during photosynthesis in surface
waters, its behavior contains information about � uxes of primary-production-derived labile
organic matter to the sediment-water interface. Sun et al. (1991; 1994) used Chl-a to
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estimate the � ux of labile organic carbon across the sediment water interface using two
different methods. First, steady-state Chl-a concentration pro� les and a laboratory derived
decomposition rate constant were used to balance total supply and removal of Chl-a
(J 5 kdIr). Alternatively, � uxes were estimated independently using biological mixing
coefficients (J 5 2 DB(  c/ x)). If previous laboratory studies underestimate the kd of Chl-a
at the sediment water interface, the resulting organic carbon � ux that is calculated will
underestimate the true � ux. Similarly, seasonal trends in bioturbation intensity will alter the
� ux calculated by these methods.

d. Relevance for organic carbon degradation

The size of the preserved pool of organic carbon in sediments is a function of the rate of
degradation, the pool of carbon available for degradation and the length of time sediment is
exposed to particular degradation mechanisms. This study shows that degradation is most
rapid in the surface bioturbated zone, not necessarily because the material is inherently
more labile, but because the environment at the surface promotes more extensive
degradation (see Aller and Aller, 1998 for a review of solute transport affects on this result).
In the natural environment, sedimentation eventuallyburies material below the bioturbated
zone, limiting the length of time sediment remains in the zone were organic carbon is most
susceptible to degradation.The amount of material buried then dependson the ratio of time
that reactive material spends in the bioturbated zone, versus the half-life of the reactive
pool under conditions in the bioturbated zone. Sedimentation rate and the depth of mixing
determine how long a particle spends in the bioturbated zone, and therefore, the extent of
degradation there.

Westrich and Berner (1984) incubated sediment from Long Island Sound and found a
� rst order rate constant of 0.024 d 2 1 for the degradation of the most labile fraction of
organic carbon, and 0.002–0.003 d 2 1 for the less reactive fraction. Compared to these
values, the present study con� rms that Chl-a in the surface layer of bioturbated sediment is
an extremely labile component of total organic carbon (0.20 6 0.06 d2 1). However, like
bulk organic carbon, Chl-a also has a fraction that degrades over the same time-scale as the
more refractory component of organic carbon (0.0043 6 0.0002 d 2 1, Table 3).

The recognition that sediments contain organic carbon with a range of reactivities has
led to new developments in modeling approaches. Both the multi-G (Westrich and Berner,
1984; Soetaert et al., 1996) and the reactive continuum (Middelburg, 1989; Boudreau and
Ruddick, 1991) class of models of organic carbon degradation incorporate the idea that
organic material becomes less reactive as it is increasingly degraded and changes
composition.The present experiment complicates the de� nition of reactivity by demonstrat-
ing very clearly that environment can be as important in determining ‘‘reactivity’’ as is
organic carbon source, age, or composition. The fact that the cores incubated in this
experiment contained homogenized surface sediment throughout the length of the incu-
bated cores, yet showed variable reaction rates, demonstrates that a single organic
compound in a uniform matrix can have a reactive continuum that is exclusively
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environment dependent. In the case of Chl-a, these rates can span almost 2 orders of
magnitude, and can be approximated by an exponentially decreasing decomposition rate
constant that approaches an asymptotic value. The depth dependence observed here in
experiment A is likely suppressed relative to what might be observed in nature because
Chl-a in surface sediment is likely to be inherently more reactive than the background
Chl-a at depth.

6. Conclusions

Measuring the rate of change in Chl-a pro� les in controlled microcosms with time
demonstrated a clear effect of macrofauna on the decomposition of pigments and
sedimentary organic carbon. Addition of algal cakes to the microcosms allowed the
observation of how macrofauna might in� uence degradation of labile organic carbon that
falls to the sea � oor during a phytoplankton bloom. In the present study Yoldia limatula, a
deposit-feeding protobranch bivalve, signi� cantly increased the rate and extent of Chl-a
degradation. Chl-a decomposition rates in surface sediment were attenuated exponentially
with depth. Interpreted as a � rst-order kinetic process, decompositionwas altered by Yoldia
through both an increase in reaction rate constants and an increase in the pool of Chl-a
available for decomposition. The depth and time-dependent pattern of decomposition
implied that direct ingestion was not the major factor controlling Chl-a loss, although it
must have contributed. By modeling the decomposition rate of Chl-a at different depth
intervals, Chl-a pro� les were reproduced using a non-steady-state transport reaction model
with an exponentiallydecreasing kd and diffusive particle mixing. This study demonstrated
that the rate and extent of decomposition of speci� c components of marine organic carbon
are dependent on the sedimentary environment as well as the architectural matrix in which
the component is present in the sediment.

This work also represents a re� nement of the previously reported rate constants for
Chl-a degradation that takes into consideration the effect of macrofauna. The range of rate
constants observed for Chl-a in this experiment represents a more realistic continuum of
rate constants for fresh Chl-a deposited at the sediment-water interface during a bloom
which is subsequently buried by sediment and bioturbated by macrofauna.

In addition to quantifying the depth dependence of degradation under different mixing
regimes, this model may also con� rm new interpretations of pro� les of reactive sedimen-
tary components. For example, subsurface peaks in sediment properties have traditionally
been thought to result from biogenic advection of a pulsed input of a property at the
sediment surface, with subsequent preservation in deeper sediment layers. Sun et al. (1991)
suggest, and experiment B demonstrates, that subsurface peaks can be generated after a
pulsed deposition (e.g., such as occurs after an algal bloom) if the decomposition rate
constant varies within the mixed layer such that decomposition at the very surface occurs
faster than at depth, and on a time scale that does not allow the input signal to be
homogenized by mixing.
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